1. The behaviour of choline acetyltransferase from pigeon, guinea-pig, rat and cat brain on isoelectric focusing was studied. 2. Choline acetyltransferase from pigeon and guinea-pig brain showed single peaks with isoelectric points at pH 6.6 and 6.8 respectively. Only one molecular form of the enzyme was therefore detected in these species. 3. Three peaks of choline acetyltransferase activities with isoelectric points 7.3-7.6, 7.7-7.9 and 8.3 were obtained with enzyme preparations from rat brain. 4. The separate identities of each of the three forms were confirmed by refocusing. 5. Choline acetyltransferase activity from a high-speed supernatant of rat brain homogenate was distributed similarly to a partially purified enzyme preparation from rat brain in the isoelectric gradient. 6. The enzyme activities from cat brain were separated into two distinct peaks with isoelectric points 7.0 and 8.4, and a possible third peak with isoelectric point 7.6. 7. The two main peaks showed considerable differences in stability on storage, and their identities were confirmed by refocusing. 8. The distribution of the enzyme activities was unaltered by isoelectric focusing in the presence of 3 M-urea. 9. The apparent Km for choline of choline acetyltransferase from rat, cat and guinea-pig brain was 0.8mM, whereas for the pigeon enzyme it was 0.4mM.
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Choline acetyltransferase is an important enzyme in nervous tissue since it catalyses the synthesis of the transmitter substance acetylcholine. Previous work has shown very little heterogeneity between choline acetyltransferase molecules from different avian and mammalian species with regard to their substrate affinities (Berry & Whittaker, 1959; Morris & Tucek, 1966) , inhibition by styrylpyridine analogues (White & Cavallito, 1970) and molecular weights (Bull et al., 1964) . There is, however, a striking difference in the membrane affinities between choline acetyltransferase molecules from different species (Fonnum, 1967 (Fonnum, , 1968 owing to the differences in the surface charge of the enzyme molecules (Fonnum, 1970) . This charge may be of importance for the storage and synthesis of the cholinergic transmitter. The present paper gives further information on the charge of choline acetyltransferase molecules from different species investigated by isoelectric focusing. Particular attention was paid to the possibility of detecting multiple molecular forms of the enzyme by this technique. Part of this work has been presented in preliminary forms (Fonnum & Malthe-S0renssen, 1972; MaltheS0renssen & Fonnum, 1971a,b Purification of choline acetyltransferase The brain extract was purified essentially as described by Fonnum (1970 On top of the column was layered the cathode solution (0.2ml of ethylenediamine+ 10ml of water). The choline acetyltransferase preparation was usually mixed with fractions 8-20 in the sucrose gradient. The fractions were 4.6ml. The electrofocusing was done at a constant load of 0.5W for the pH3-10 gradient and 0.75W for the pH6-9 gradient. Constant current was usually obtained after 36h but the electrofocusing was continued for 46h. The column was drained slowly through the bottom tubing and 2.5ml fractions were collected. The fractions collected for refocusing were concentrated and dialysed by ultrafiltration in collodion bags against 10mM-sodium phosphate buffer, pH7.4, containing 1mM-EDTA and 5 % (w/v) sucrose.
Examination offractions
The pH of each fraction was determined at 40-60C with a Radiometer 22 pH-meter. Each fraction was then examined for choline acetyltransferase activity, protein content and in some cases for distribution of haemoglobin. Choline acetyltransferase activity in the fractions was determined at 37°C as described by Fonnum (1969) . To 2,u1 of enzyme was added 5,ul of an incubation mixture containing (final concns.):
CoA, 4mM-EDTA, 17mM-sodium phosphate buffer and 0.06mM-physostigmine. Incubation time was 5-15min depending on the enzyme activity. It was found unnecessary to dialyse the enzyme preparation before assay. Sucrose, ampholytes or 1 M-urea had very little effect on the determination of choline acetyltransferase. Protein was determined by measuring the E280 (Warburg & Christian, 1941) in a Beckman DB spectrophotometer. Haemoglobin was determined by measuring the E420 (Raw et al., 1958) . When the enzyme activities were recovered in single peaks ( Fig. 1 ) the isoelectric points were determined by interpolation ofthe pH and enzyme activities ofthe fractions on both sides of the peak. When the enzyme activities were obtained in several peaks in one run (Figs. 2 and 3), only the observed pH value of the peak is given.
Results
The enzymes were partially purified before isoelectric focusing to minimize the amount of protein loaded on the column. The acid treatment and (NH4)2SO4 precipitation removed a considerable amount of protein, which otherwise was denatured and precipitated during the isoelectric focusing. Such a precipitate might disturb the distribution of the enzyme in the gradient. The two-step purification did not to our knowledge preferentially remove any form of choline acetyltransferase and it allowed more than 60 % of the activity of the original brain extract to be put on the column. The distributions of the enzymes from the different species in the pH gradient were highly reproducible. The positions of the peaks of enzyme activity were independent of the amount of enzyme applied to the column and of the recovery of enzyme activities (Tables 1-4). To exclude the possibility that the distribution of the enzyme could be influenced by glass-wall effects and protein aggregation, the enzymes were also focused in the presence of 3M-urea. This concentration is considered high enough to abolish such effects (0. Vesterberg, personal communication) . Surprisingly, the enzyme was fairly stable to urea treatment and nearly full enzyme activity was recovered when it was assayed in the presence of 1 M-urea.
On isoelectric focusing of the enzyme from pigeon brain the enzyme activity was recovered as a single peak ( Fig. la) with its maximum at pH6.6 (Table 1 ).
The peak of choline acetyltransferase activity was sharper but the position of the peak was unchanged in the presence of 3M-urea (Fig. lb) .
Similarly the enzyme from guinea-pig brain was also recovered as a single peak after isoelectric focusing, its isoelectric point at pH6.8 ( Fig. ic; Table 2 ). Also in this case the peak of enzyme activity was 1972 (Fig. Id) . Choline acetyltransferase from guinea-pig brain was slightly better separated from the main protein peak than was choline acetyltransferase from pigeon brain (Fig. 1) . Choline acetyltransferase from rat brain behaved differently from the enzymes from pigeon and guineapig brain in that the enzyme activity was recovered over a much broader pH range. When a high-speed supernatant from rat brain homogenate was subjected to isoelectric focusing in a pH 3-10 gradient two distinct peaks of enzyme activities with maxima at Vol. 127 pH7.4-7.8 and 8.3 (Fig. 2a) were detected. When the same enzyme preparation was focused in a pH 6-9 gradient there were indications of three peaks at pH 7.5, 7.9 and 8.4 (Fig. 2c) . Multiple peaks ofenzyme activity usually indicate the presence ofclosely related forms of the enzyme, enzyme-enzyme interactions or protein-enzyme interactions. Since the distributions of choline acetyltransferase activities were similar in 3M-urea (Table 3) and then refocusing them in two pH6-9 gradients (Fig. 2b) . When the fractions at pH7.35-7.55 and pH7.70-7.95 from the pH6-9 gradient were isolated, dialysed and refocused in two new pH6-9 gradients, the new peaks were well separated (Fig. 2d) The positions of the peaks were unaltered when the focusing time was increased to 72h or when the Ampholine concentration was changed. Gel filtration of choline acetyltransferase on Sephadex G-150 before and after isoelectric focusing gave Kay. = 0.41 (Laurent & Killander, 1964) . In this experiment choline acetyltransferase was concentrated after isoelectric focusing by ultrafiltration against 10mm-sodium phosphate buffer containing 1 mM-EDTA and 5% (w/v) sucrose. Although choline acetyltransferase after isoelectric focusing was very stable, there was a heavy loss of enzyme activity when we tried to subject the activity of single peaks to gel filtration directly after isoelectric focusing.
In some experiments when we used an extract from rat caudate nucleus or hippocampus we obtained a fourth peak at about pH 6.5-7.0. Refocusing of this enzyme activity led to disappearance of this peak and the enzyme activity was redistributed in the pH range 7.5-8.3. The observed peak is probably a result of enzyme-protein interaction that is abolished on dialysis and refocusing.
Enzyme preparations from rat brain contain haemoglobin and the position of maximum extinction at 420nm was measured in some of these experiments to confirm the reproducibility. The main peak was always recovered in a fraction of pH value 7.05-7.25.
Choline acetyltransferase from cat brain was also distributed over a broad pH range after isoelectric focusing. Two distinct peaks of enzyme activity were observed in a pH 3-10 gradient with isoelectric points 7.0-7.2 and 8.3-8.5 and in addition a third peak or a shoulder at pH7.5-7.7 (Fig. 3a) . The two main peaks were identified by refocusing in a pH6-9 gradient (Fig. 3d) . Owing to the instability and low specific activity of cat choline acetyltransferase, such experiments were not performed with the third peak.
On focusing in urea there was a decrease of enzyme recovery, but the main peak at pH8.5 was maintained (Fig. 3e) .
On storage at 4°C there was a considerable loss of activity for the cat enzyme, and isoelectric focusing of such a preparation (Figs. 3b and 3c) showed that this loss was mainly due to the instability of the enzyme activity with isoelectric point 8.2-8.5. It is important to note that the activity in the two other peaks did not increase in absolute value when the activity in peak 3 was lost. There is thus no evidence of a transfer of enzyme activity from peak 3 to the other peaks.
The distribution of enzyme activity in different pH intervals was reproducible (Table 4) provided a fresh enzyme preparation was used. The main peak of enzyme activity was in all these experiments due to the isoenzyme of isoelectric point 8.3. Fraction no. Enzyme preparations used were dialysed and concentrated fractions after isoelectric focusing. The incubation medium was as described in the Methods section except that the choline concentration was varied from 0.2 to 5 mMcholine. Enzyme activity used in each incubation was 0.002,mol of acetylcholine/min. The apparent Km was determined from Lineweaver-Burk plots. The results are expressed as mean value and range. Numbers of experiments are given in parentheses.
Apparent Km values (mM) Species Pigeon, activity peak pH 6.6
Guinea pig, activity peak pH 6.8 Rat, activity peak pH7.4 Rat, activity peak pH8.4 Cat, activity peak pH7.0 Cat, activity peak pH8. (4) by Lineweaver-Burk plots. The apparent Km values (Table 5) were similar for cat, guinea pig and two of the isoenzymes from rat; the value for pigeon was slightly lower than the others.
Discussion
The results show that a high degree of heterogeneity of choline acetyltransferase molecules within the same species and in different species can be detected by isoelectric focusing. The heterogeneity observed within a species is not due to artifacts caused by protein-enzyme, enzyme-enzyme or Ampholine-enzyme interactions. The distribution pattern of the enzyme would in the case of such interactions probably depend on several factors such as the degree of enzyme purification, the load ofprotein or enzyme on the gradient, the recovery of enzyme activity, the type and the concentration of Ampholine used. The distribution of enzyme activities were, however, highly reproducible and independent of the abovementioned variables. In addition the distribution pattern of choline acetyltransferase activities was unaltered in the presence of 3 M-urea. This concentration is considered high enough (0. Vesterberg, personal communication) to abolish most proteinprotein and protein-Ampholine interactions. Even more important is the fact that the three different forms of rat choline acetyltransferase and the two forms of cat choline acetyltransferase that we claim have all been confirmed by refocusing of the individual peaks. Any interactions would be expected to be abolished during the dialysis before the refocusing, since the Ka. value of choline acetyltransferase obtained from gel filtration on Sephadex G-1 50 was the same before and after isoelectric focusing. If interactions had been important we would expect to see changes in the position of the peaks and to obtain Vol. 127 more than one peak on refocusing. This was never observed, even when refocusing was carried out with a different pH gradient (Figs. 2a and 2b, 3a and 3d) .
Isoelectric focusing of choline acetyltransferase from a high-speed supernatant of rat brain homogenate and partially purified enzyme preparation gave similar distribution patterns. The multiple molecular forms were therefore not a product of the purification procedure such as deamidation. Also the purification procedure adopted did not preferentially isolate any of the different molecular forms (Table 3) .
Previous work from our laboratory (Fonnum, 1967 (Fonnum, , 1968 (Fonnum, , 1970 has shown that choline acetyltransferase from different species can be divided into two groups. Choline acetyltransferases from pigeon and guineapig brain have weakly positive surface charges and therefore low affinities for membranes and cationexchange resins. On the other hand choline acetyltransferases from rat and cat brain have strongly positive surface charges and high affinities for membranes and cation-exchange resins. There was a marked decrease in affinities at pH values below 6.5. These observations are in agreement with the present results in that choline acetyltransferase from pigeon and guinea-pig brain have markedly lower isoelectric points than the enzymes from rat and cat. Further, the decrease in binding below pH 6.5 indicates that there should be a large change in enzyme charge at this point.
The affinity for choline was the same for the different molecular forms of choline acetyltransferase. This means that the changes in amino acid composition of the different choline acetyltransferases responsible for the charge differences are localized far away from the active centre. This finding was not unexpected since White & Cavallito (1970) did not find any significant differences in effects of choline acetyltransferase inhibitors or any differences in substrate affinity of choline acetyltransferase from such different sources as calf caudate nucleus and Lactobacillus plantarum. Some cross-contamination between the different multiple forms after isoelectric focusing is unavoidable and small differences in substrate affinities of the rat isoenzymes may therefore not have been detected.
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